INTRODUCTION
With a prevalence of B2%, mental retardation is the most common reason for referral to medical genetic services. 1 Unlike in patients with X-linked mental retardation, 2 the genetic cause of mental retardation can rarely be pinpointed to a genetic locus or to a gene. 3 Although the very genetic heterogeneity of mental retardation renders genetic linkage and association studies difficult, chromosomal aberrations, occurring with an incidence of 1 per 120 newborns, 4 frequently provide a clue regarding the genetic locus underlying the phenotype of the affected child. Techniques allowing the detection of submicroscopic segmental aneuploidy have enabled us to pinpoint novel microdeletion and microduplication syndromes, such as CHARGE (coloboma, heart anomalies, chonal atresia, retardation, genital and ear anomalies), 5 Peters Plus, 6 recurrent 17q12 rearrangements, 7 del(17)(q21), 8, 9 and the 22q13.3 deletion, 10 Pitt-Hopkins 11 and thrombocytopenia-absentradius syndromes 12 (for reviews see Lee and Lupski 3 and Slavotinek 13 ). In addition, clinically inconsequential segmental deletions [14] [15] [16] and segmental duplications in healthy individuals 17 have been reported. Studies involving array-based comparative genome hybridization (array-CGH), 18, 19 representational oligonucleotide microarray analysis, 20 fosmid library insert mapping 21 and SNP inheritance analyses [22] [23] [24] indicate that copy number changes (CNCs) are frequently occurring polymorphisms in the genome of healthy individuals. [25] [26] [27] The architecture of our chromosome complement, as it emerged during evolution, may be a driving force behind this type of genome diversity. 26, [28] [29] [30] [31] Efforts to systematically compile CNCs have led to the identification of well over 6000 of such CNCs in DNA samples derived from lymphoblastoid cell lines of individuals of the HapMap population 18 or from peripheral blood-derived DNA samples. [32] [33] [34] The very existence of this type of structural genomic variability among apparently healthy individuals complicates a straightforward identification of pathogenetic segmental aneuploidy in patients.
To investigate whether CNCs may contribute to the complex spectrum of disorders consisting of combinations of mental retardation, developmental delay and multiple congenital anomalies (MCAMR), we determined the genomic locations and population frequencies of the CNCs shared among 278 patients and 48 of their unaffected family members seen in our institution. With this compilation of CNCs, we first determined the relative contribution of the microdeletion/microduplication syndromes that were recently discovered by array-based genome-wide segmental aneuploidy screening projects. Using gene prioritization tools (eg, Gene Annotation Tool to Help Explain Relationships (GATHER), Endeavour, Prioritizer), we secondly determined whether loci and genes pointing towards specific biochemical pathways were enriched in MCAMR patients by analyzing the 481 CNCs found exclusively in our cohort.
MATERIALS AND METHODS

Patient and reference populations
A total of 278 unrelated patients showing a combination of mental retardation and skeletal or facial dysmorphisms, according to the criteria described by De Vries et al 35 , and 48 of their unaffected parents were included in analyses of segmental aneuploidy by array-CGH. All patients were karyotyped at 4550 band level. Patients with an abnormal karyotype, a subtelomeric anomaly or a known microdeletion or microduplication syndrome detected by fluorescence in situ hybridization (FISH) or Multiplex Ligationmediated Probe Amplification were excluded. To investigate whether a CNC has occurred de novo in an affected child, the parents were also analyzed by array-CGH. Thus, 20 de novo CNCs composed of multiple consecutive probes, presumed to be pathogenic, were detected in 20 (7.2%) out of 278 patients.
For this study, we generated two reference pools by combining DNAs derived from peripheral blood samples of 50 unrelated and healthy male and of 50 unrelated and healthy female donors (age range: 22-63 years). The blood samples were obtained through the Department of Hematology of the UMC Utrecht. The amount of each contributing DNA sample was adjusted in such a manner that it comprised 2% of the total reference pool. In this way, CNCs occurring at a frequency larger than 2% in the general population are likely to be included in the reference pools.
Array-CGH
For array-CGH, 1 mg of sonicated genomic DNA from each patient (Tester) and a 1 mg sample of sonicated genomic DNA from the sex-mismatched reference pool were labelled with Cy3-dUTP and Cy5-dUTP (Amersham Biosciences, Little Chalfont, UK), respectively, using the BioPrime DNA Labeling System (Invitrogen, Carlsbad, CA, USA). These labelled DNAs were co-hybridized to the array-slides using a GeneTAC Hybstation (Genomic Solutions, Ann Arbor, MI, USA). 5 The array has been created by spotting in triplicate DOP-PCR products of 3783 BAC DNA probes that cover the entire human genome with an average spacing of B0.7 Mb. 5 Only BACs with a unique chromosomal location, as ascertained by FISH, have been included. 36 After hybridization and washing, the slides were scanned and imaged on a ScanArray Express HT (Perkin Elmer, Wellesley, MA, USA) using ScanArray Express software (version 2.1). Data were analyzed with the GenePix Pro 5.0 software package (Axon Instruments, Union City, CA, USA), followed by LOWESS normalization using the Acuity 3.1 software package (Axon Instruments). After analysis, the averages of all triplicate spots were calculated. Subsequently, data were analyzed essentially according to Wong et al. 32 Briefly, all spots with an aberrant shape, signal to noise ratios o5.0 or with an SD above 0.3 were excluded. Using the signals of all autosomal probes, the 95% confidence interval (95% CI) was calculated. All autosomal BACs outside the 95% CI with a P-value of o0.05 for being nonaberrant (two-sided Student's t-test) of all participants were tabulated in a single Excel worksheet. Using a confidence interval of 3.3 or even 4.0 SD gave smaller numbers of aberrant signals, but the same BACs were eventually identified (results not shown). Subsequently, the significantly aberrant signal populations of all participants thus obtained were compared with each other. As all precautions notwithstanding singly occurring aberrant signals could still represent false positives, these were excluded from further analyses. Thus, on an average, 1.96 aberrant signals per experiment were eliminated. This amounts to 0.052% of all BAC probes on the array. All aberrant signals occurring more than once were identified and their precise genomic locations were retrieved from the UCSC Genome Browser (Human Genome Build 36, March 2006). As we used a sexmismatched reference sample, X and Y chromosome BACs are not informative for our analyses. Hence, our approach does not permit any inferences regarding CNCs of sex chromosomes. The array data analysis procedure is outlined in Figure 1 .
Illumina Infinium HumanHap300 Genotyping BeadChip SNP array
For the Infinium HumanHap300 Genotyping BeadChip SNP array analysis, we used 750 ng of patient DNA and followed the protocol as described by the manufacturer (Illumina, San Diego, CA, USA).
RESULTS
We performed genome-wide segmental aneuploidy profiling using a 3783 BAC-array with a functional genome coverage of 21.0% (for a definition of functional genome coverage see Coe et al 37 ) of 278 unrelated MCAMR patients and 48 of their unaffected family members (see Materials and methods). In 326 hybridizations, we found a total of 12 486 significantly aberrant signals, which amounted to an average of 38.3 (SD of 19.5; range: 14-96) and a median of 34.0 aberrant signals per participant. After excluding false positives (see Materials and methods), we retained aberrant signals representing a total of 1308 distinct loci in our study cohort. As we compared DNA samples of a single proband with a reference composed of a mixture of 50 DNA samples (see Materials and methods), these loci represent directly observed recurrent CNCs. The genomic locations of all CNCs and their frequency of occurrence as losses and gains in our study population are shown in online Table 1 . As an example, the data for chromosome 1 are displayed in Figure 2 .
As part of our study, we detected CNCs involving multiple consecutive BAC probes in 20 out of 278 patients, which have arisen de novo and were therefore presumed to be pathogenic (Table 1) 38 . Several of these cases have been described in detail. [39] [40] [41] [42] [43] [44] In addition, we found nine inherited segmental aneuploidies. The 20 de novo aberrations encompassed 125 BAC probes, 14 of which were also identified as single CNCs shared among at least 2 other patients and 5 among the 48 healthy individuals of our study population. Of these 125 BAC probes, 65 have been detected among healthy individuals and are listed in the Database of Genomic Variants (DGV, http://projects. tcag.ca/variation). This emphasizes that de novo segmental aneuploidies and recurrent single-probe CNCs represent two intrinsically linked sets of genomic loci and that CNCs at these loci are not per se pathogenic, although they may contribute to the patient's phenotype. If part of several consecutive BAC probes, test parents to determine whether it has occurred de novo
Enter into Table 1 If S/N > 5.0 AND SD < 0.30: retain Figure 1 Flowchart of the data-triage procedure. For further explanation see text.
Recurrent CNCs in MCAMR M Poot et al Out of the 3783 BACs on our array, 23 correspond to 11 of the microdeletion/microduplication syndromes that were recently discovered by genome-wide array-based screening efforts 13, 45, 46 (Table 2) . However, our array did not cover the 17q21.3 and the 16p11p12 microdeletion syndromes. 8, 9 Thus, 23 BAC probes revealed 84 gains and losses (0.67% of all aberrant signals) in hybridizations of 76 DNA samples from 69 patients (21.6% of all patients) and 7 unaffected parents (14.8% of all parents). These frequencies among patients and healthy individuals are not significantly different (P¼0.165; Fischer's exact test). Thus, close to one out of five individuals of our study cohort carried gains or losses at recurrent microdeletion/microduplication loci ( Table 2) . Hybridizations of seven patients and one healthy individual showed a loss or gain for two different microdeletion/ microduplication loci. For five loci, at 1q21, 9q22.3, 15.q13.3, 16p13 and 20q13.13q13.2, frequencies of gains and losses in our study cohort exceeded 1% (Table 2 ). These data suggest that some of the recurrent microdeletion/microduplication loci are relative hotspots for segmental aneuploidy among patients with MCAMR and their Recurrent CNCs in MCAMR M Poot et al parents. As CNCs at these recurrent microdeletion/microduplication loci occurred in healthy individuals, the pathogenic burden resulting from these CNCs may be limited, as has already been proposed by Ledbetter. 47 Subsequently, we eliminated all CNCs that have previously been found as copy number variants in cohorts of healthy individuals (DGV; http://projects.tcag.ca/variation) and in those found among patients and healthy individuals in a study of amyotrophic lateral sclerosis. 48 Thus, we retained 481 CNCs that were exclusively found among the 278 patients in our study cohort. Of these, 203 CNCs were shared at a 41% frequency among the patients. Subsequently, we determined whether the frequencies of losses and gains among these 203 retained CNCs were distributed according to a random generation and elimination model or were subjected to selective pressures. Out of these 203 CNCs, 30 (14.8%) occurred only as a loss and 31 (15.3%) only as a gain. This distribution of the 203 CNCs shared at 41% among the participants in our study cohort is not consistent with a random generation and elimination model, and thus indicates that these CNCs may have been subjected to selective pressures.
In an analogy to Wong et al, 32 we assumed that CNCs are identical to the BAC probe representing them. This has been confirmed by SNP array mapping of break points in a small sample from our patient cohort (Table 1) . On the basis of this assumption, we analyzed the gene content of the CNCs found in our study population. The 278 patients in our cohort shared 481 CNCs; 78 of these were found as a loss only and 89 as a gain only. No genes were covered by 26 of those CNCs occurring as a loss only and by 35 of those CNCs occurring as a gain only. All other CNCs were associated with annotated genes. For instance, RP11-96F24, which was not previously reported as a CNC, showed a gain in 22 patients, but not in any healthy individual of our study cohort, and no hemizygous loss. This BAC probe covers the glutathione S-transferase M3 (GSTM3) gene. Although an increased dosage for this gene is apparently well tolerated, haploinsufficiency may not be compatible with life.
To systematically determine whether the CNCs that were specifically found among the members of our MCAMR patient cohort covered genes that encoded shared cellular components, biological processes or molecular functions, we first determined to which Gene Ontologies (http://www.geneontology.org/GO.doc.shtml) these belong. To do so, we analyzed our data using GATHER developed by Chang and Nevins. 49 Regardless of the frequencies of CNCs in our study cohort, each gene name was entered once. This allowed circumventing potential biases due to multiple listings of genes. We found that genes involved in potassium ion transport (GO:0006813) were specifically enriched for in the CNCs shared among members of our patient cohort with a Po0.0001 (w 2 -test) and a Bayes factor of 9 (likelihood of association vs nonassociation). These genes were ABCC9, ATP1A2, ATP1A4, ATP1B2, GIRK3, GRIA2, GRIA4, GRIK2, GRIK4, KCNJ10, KCNJ3, KCNJ8, KCNK16, KCNK17, KCNK5, KCNK6, KCNN2, KCNN4, KCNV2, KCTD13, KCTD17, KCTD3 and SLC24A3. Of these 23 genes associated with potassium transport, seven (ATP1A2, GIRK3, GRIA2, KCNJ10, KCNJ3, KCNK17 and KCNK5) were also associated with the establishment of localization (GO:0051234). Thus, genes involved in guiding cell localization during development by controlling potassium transport seem to be selectively enriched among CNCs shared among MCAMR patients, and are not found in healthy individuals. Analysis of our CNC set using the Endeavour gene prioritization tool developed by Aerts et al 50 and the Prioritizer tool developed by Franke et al, 51 using different combinations of databases, corroborated this conclusion, although P-values remained slightly above a significance level of 0.05 (results not shown).
It should be noted that the BAC-array used in this study affords a relatively low-resolution mapping of the break points of CNCs. Thus, it is conceivable that assuming that the break points of CNCs coincide with the borders of BAC clones (in analogy to Wong et al 32 ) may lead to a spurious inclusion of genes not involved in the observed CNC. This would lead to 'noise' in the gene prioritization analyses in such a way that no significance may be reached. In our analyses, and in those reported by Cuscó et al, 52 still significant enrichment of certain Gene Ontologies has been found. Yet, in future studies, higher resolution platforms are recommended.
To determine whether some of these genes are part of one or several macromolecular networks, we used the Search Tool for Recurring Instances of Neighbouring Genes (STRING) developed by Snel et al, 53 and found that genes from the glutamate receptor family (GRIA2, GRIA4, GRIK2 and GRIK4) form, on the basis of protein-protein interactions, a network with NSF, GRIP1, PRKCABP, GRIN1, GSR, RIPK1, PRKCG and GLUR6. In addition, the ATP-sensitive inward rectifier potassium channel genes KCNJ10, KCNJ3, KCNJ8 and GIRK3 may form heteromeric protein complexes with each other and with PSD95, KCNJ16, KCNJ5 and KCNJ6. These gene prioritization analyses indicate that the MCAMR-associated CNCs identified in our study may to some extent represent a distinct population of dosagesensitive genes, and point towards shared biological processes in children with MCAMR.
DISCUSSION
In this study, we addressed three questions. First, we determined whether the loci of de novo segmental aneuploidy in MCAMR patients are unique or overlap with the recurrent CNCs found among healthy relatives as well. Second, we tried to assess the pathogenic burden resulting from the microdeletion/microduplication syndromes recently discovered by genome-wide array-based segmental aneuploidy profiling efforts in our cohort of MCAMR patients. Third, we investigated whether the recurrent patient-specific CNCs in our study cohort harbour genes that may be involved in common biochemical pathways relevant to the phenotypes of MCAMR.
To do so, we compiled recurrent CNCs in a cohort of 278 unrelated MCAMR patients and 48 of their unaffected family members with a 3783 BAC-array. We used rigorous criteria to identify BAC probes showing aberrant signals without resorting to preset assumptions of a putative rate of aberration in each individual participant. In addition, similar to Wong et al, 32 we took several precautions to exclude falsepositive signals. These attempts to obtain a 'clean' compilation of CNCs in our study cohort may have led to some false negatives. The patient cohort for our study was chosen such as to exclude aberrant karyotypes and subtelomeric anomalies or identifiable 'classical' microdeletion or microduplication syndromes (eg, the SmithMagenis syndrome, the 22q11 syndrome). No additional selection criteria were applied. Therefore, our study cohort constitutes a reasonable representation of patients with multiple congenital anomalies and mental or motor retardation for which no diagnosis could be reached with standard diagnostic methods. To minimize potential population-based differences in haplotype compositions, we used a mixture of DNA samples from 50 healthy male or female volunteers. Finally, to exclude a spurious generation of CNCs by Epstein-Barr virus transformation, 33, 54 we used DNA samples directly derived from freshly drawn peripheral blood samples only. In view of the precautions detailed above, the 1308 loci found are close to representing the true CNC content of our study cohort, as can be ascertained at the level of the functional genome coverage afforded by the array used (21%). 37 As has been pointed out, 25 a higher probe resolution and genome coverage may detect more CNCs, but the relevance of these smaller CNCs to the pathology in patients with multiple congenital anomalies and mental retardation remains unknown.
First, we determined whether the loci of de novo segmental aneuploidy in MCAMR patients are unique or overlap with the recurrent CNCs found among healthy relatives as well. Of the 125 BAC probes representing 20 de novo segmental aneuploidies among our 278 patients, 65 have been detected among healthy individuals in other studies (see DGV; http://projects.tcag.ca/variation) and 14 have also been identified as single CNCs shared among at least two other patients and five among the 48 healthy relatives of our study population. This emphasizes that de novo segmental aneuploidies and recurrent CNCs represent two intrinsically linked sets of genomic loci. In addition, these findings indicate that a mere CNC at any of these loci is neither per se pathogenic nor phenotypically neutral. However, hemizygosity for a certain gene, as provoked by a copy number loss, may 'unmask' an autosomal-recessive mutation in the retained allele. 12, 43 CNCs showing a genomic gain, on the other hand, may contribute to the patient's phenotype if the genes contained therein encode proteins that form heteromeric complexes with other protein(s). Then, the balance of the participating protein components may be perturbed such that nonfunctional complexes with pathogenic consequences may be formed. This molecular mechanism may account for the apparent gene dosage sensitivity of certain genes, which are covered by these CNCs detected as both gains and losses in our study (eg, KCNJ10, KCNJ3 and GIRK3). Enrichment of this set of CNCs for these genes encoding components of the heteromeric ATP-sensitive inward rectifier potassium channels may represent such a case in point.
In addition, CNCs may affect the expression of genes in diploid chromosomal regions flanking the CNC. 55, 56 Hence, CNCs may affect the phenotype by complex mechanisms in addition to and possibly different from altered gene dosage. Therefore, CNCs shared among unrelated patients with related phenotypes remain pathogenically relevant and merit further scrutiny. Thus, further investigations are needed to determine a potential contribution of a given CNC to the phenotype of an MCAMR patient.
Second, we tried to assess the relative pathogenic burden resulting from the recently reported novel microdeletion/microduplication syndromes. 13, 45, 46 Only one out of the seven inherited and none of the de novo CNCs represented an example of these novel microdeletion/microduplication syndromes (case number 26 in Table 1 ), whereas all the other CNCs seem to be novel and unique. The latter has been a common finding in previous studies of cohorts of MCAMR patients (reviewed in Hochstenbach et al, 2009). 57 Close to one out of five individuals in our study cohort carried gains or losses at recurrent microdeletion/microduplication loci. This indicates that the novel microdeletion/microduplication syndromes are frequently found among CNCs shared by our MCAMR patients and healthy individuals in our study cohort. As 76 out of 12 486 (0.61%) CNCs covered any of these 11 loci, the pathogenic burden of these CNCs may be relatively modest. 47 As seven patients and one healthy individual showed a loss or gain for at least two different loci, these are not likely to be the sole cause of the patient's phenotype. In addition, patients with CNCs at some of these loci show rather divergent phenotypes. 46 ,58 Therefore, we infer that these loci may represent instances of 'genomic unrest' , provoking a limited contribution to the aetiology of MCAMR and to the pathogenic burden in the population at large. Third, our stepwise gene prioritization analyses indicate that the MCAMR-associated CNCs identified in our study point towards shared biological processes in children with MCAMR, including the glutamate receptor family (GRIA2, GRIA4, GRIK2 and GRIK4), which, by protein-protein interactions, forms a network with NSF, GRIP1, PRKCABP, GRIN1, GSR, RIPK1, PRKCG and GLUR6. In addition, the ATP-sensitive inward rectifier potassium channel genes, KCNJ10, KCNJ3, KCNJ8 and GIRK3, may form heteromeric protein complexes with each other and with PSD95, KCNJ16, KCNJ5 and KCNJ6. This suggests that the phenotypically diverse cohort of MCAMR patients may share a limited set of biochemical aetiologies.
In summary, our study of 278 patients with multiple congenital malformations and mental or motor retardation and 48 of their healthy relatives has unveiled widespread CNC. The CNCs occurring at a higher than 1% frequency in our study cohort seemed to occur as deletions only and as duplications only at less than expected rates. This indicates that the more frequently occurring CNCs have been subjected to selective pressure, suggesting that some of them may affect the phenotype. Therefore, these CNCs are not to be discarded, even if their contribution to the phenotype is not immediately obvious. Our finding that the set of CNCs shared among patients with MCAMR is enriched for genes encoding components of the ATPsensitive inward rectifier potassium channel genes involved in guiding cell localization during development and members of the glutamate receptor family suggests that these biological processes may contribute to the phenotypes of patients with MCAMR. This hypothesis merits testing in replicating studies of other cohorts of patients and by using other biological pathway analysis algorithms. Eventually, patientcohort-specific compilations of CNCs may serve as direct markers for genes that may help to identify loci, genes and biological processes contributing to the phenotype of patients.
